espite the fact that chemists are trained to v iew m ost spectroscopic data in the frequency domain, there are some instances w here tim e-do m ain information provides greater insight. Any signal reported in the frequency domain can also be expressed in the time domain through the Fourier relationships, and we use this correspondence to advantage in Fourier transform infrared (FT-IR ) and FT-NM R (nuclear magnetic resonance) spectroscopies. Despite the Fourier relationships, for many real-world studies of molecular properties, any given spectroscopic band under investigation will be inhomogeneously broadened, m aking the connection between the time-domain response and the frequency-domain spectrum less clear than we would like it to be. In these cases, it is often necessar y to perform experimental m easurem ents in both domains to obtain a com plete understanding of the system.
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The focus of this article is on the strengths, limitations, and uses of time-domain and short-pulse laser spectroscopies. The capabilities of time-resolved m easurements are, of course, complementary to frequency-domain techniques, and this fact becomes clear when spectroscopies in the two domains are compared.
Strengths of time-resolved and short pulse spectroscopies:
1. Separation of spectroscopic phenomena (e.g., Raman and uorescence). 2. U ltrahigh sensitivity absorption m easurements. 3. Access to nonlinear spectroscopies. 4 . Ability to study dynamical processes directly (e.g ., ro tatio nal diffusion, uorescence and vibrational lifetime, excitation transport). 5. M easu rem en t of ph oto ind uced transient species present at very low steady-state concentrations.
Weaknesses of time-resolved and short-pulse spectroscopies:
1. Identi cation of an unknown in the absence of other information. 2. Ability to provide unique ''survey'' or '' ngerprint'' information on a sample. 3. Establishment of the relationship between the experimental signal and structural information on a m olecule. 4 . Ability to provide absolute, quantitative information on quantities such as concentration.
The items indicated in the ''weaknesses'' list are all better suited to fre quency-dom ain spectroscopies. For example, from the acquisition of a UV-visible absorption spectrum, inform ation can (som etim es) b e gained on the identity of the chromophore, and, if the chromophore is known, it is a simple matter to quantitate its presence via Beer's law. For these reasons as well as convenience of use, frequency-domain spectroscopy is ubiquitous, and essentially all spectroscopic information presented in high school and collegiate science texts is shown in the frequency domain. The bias toward presenting inform ation in the frequency domain may be related to our ability to process spectroscopic information. Our eyes are well suited to operation in the frequency domain-a practiced eye can distinguish between laser beams with a 1 nm wavelength difference. Human detection gear for optical frequencies is less well suited to resolution of time-domain phenomena, despite the fact that vision relies on ultrafast photoisom erization processes. The human eye cannot resolve motion with a repetition rate above ; 20 Hz, and this is why 60 Hz signals such as electric lighting and CRT screen refresh cycles appear continuous or nearly so. Perhaps because of these human limitations, we have found signi cant use for time-domain spectroscopies. This family of measurements provides an alternative, and often m ore intuitive, way of measuring and understanding physical and chemical phenomena.
SH ORT-PULSE AND TIM E-RESO LVED SPECTRO SCOPIES
Before considering the strengths and w eak nesses o f tim e-resolved spectroscopy, it is useful to de ne the scope of the discussion. Time-resolved measurements can span the range from fem tosecond to kilosecond and beyond, but the majority of chemically useful inform ation is most easily accessed by using short time-scale methods. The technologies used most commonly by chemists to access time-domain inform ation are as follows.
Ph a se-R eso lved Fluo rescence M easurements. In this technique, a sample is excited by sinusoidally modulated light, and the emitted light is phase-shifted and demodulated relativ e to the excitation so urce. T his techn iqu e traces its roots back to the 1920s, 1 but the rst true phase-re solved m easurem ents were reported in 1969 and 1970. The two most serious limitations this technique faces are that it can be used only with samples that uoresce and that time resolution is limited by the m odulation frequency and the stability of the detection/demodulation electronics. The primary advantages of phase-resolved methods are the relative simplicity of the equipment and the speed with which inform ation can be acquired. Computer processing and acquisition of the data allows this technique to provide useful inform ation very rapidly. In addition, phase-resolved uorescence measurem ents are generally more adept at resolving multiple time-domain components in an experimental signal than are time-resolved methods.
Nanosecond Time-Resolved Methods. These techniques rely on light sources that produce pulses of light of ; 1-10 ns duration, and the direct resolution of the resulting experimental signal using fast electronics. As such, this type of time-resolved sp ectro scop y g ained po pu larity shortly after the invention and development of the laser. The light sources (N 2 , ruby, and Nd:YAG lasers, Xe arc lamp) are all relatively simple to operate, and the limiting factor in this approach to time-domain measurements is the speed of the detection electronics used. Because the instrum ent response function is often on the same time scale as the chemical information of interest, deconvolution of the contributions to the signal can be critical to the extraction of useful information, and most deconvolution procedures are fraught with potential artifacts.
Picosecon d a n d Fem to secon d Spectroscopies. These techniques, which are the focus of this article, are based on the use of light pulses from mode-locked lasers. Because detection electronics are not generally available to resolve such short pulses of light directly, many ''fast'' spectroscopies utilize m ultiple pulses to gate and interrogate the system under investigation in one way or another. Fast optical gating with mechanical time resolution (c 5 0.3 mm /ps) is used in conjunction with stan dard electro nics to d etect a steady-state signal for a particular point in the differential time fram e established m echanically. Although the laser was invented in 1958 3 and the rst report of mode-locking of a He-Ne laser appeared in 1964, 4 the wide use of picosecond pulses blossomed only after Lytle and co-workers rst reported synchronous pumping of a dye laser with a modelo ck ed A r 1 laser. 5 This rep ort showed the way to access widely tunable picosecond light pulses, and subsequent developments have led to shorter laser pulses and a plethora of applications for short-pulse measurements. In a very real sense, the Lytle group's work in the late 1970s enabled a eld that is represented in most major chemistry departments around the world today.
There are ve broad areas where time-resolved and short-pulse spectroscopy occupies a unique position, and we consider speci c examples of these areas. It is important to note that, in addition to generating short light pulses, the mode-locking of a laser source gives rise to very low noise characteristics, especially at frequencies where 1/ f noise has fallen to the shot-noise-limited oor. The formation of short pulses also allows routine access to very high intensities because of the peak powers that result from the mode-locking process. These three features-time resolution, low noise, and high peak po w er-have all been ex plo ited , sometimes in combination, to provide insight into a variety of chemical and physical phenomena. We concentrate here on those areas that are of most direct relevance to the analy tical ch em istr y an d applied spectroscopy communities.
S ep aratio n of S p ectroscop ic Phenomena. Raman scattering, discovered in 1928, and the basis for the 1930 Nobel Prize in Physics, found limited use as a spectroscopic tool until the advent of the laser. W hen the laser was applied to Raman scattering measurements, signal intensities increased but so did contributions from background and sample uorescence. The background problem poses a substantial limitation to the application of Raman scattering because of spectral overlap in many systems. Indeed, (resonance) Raman scattering can be considered to differ from uorescence only in the sense that the Ramanscattered light is created in phase with the excitation source, while, for uorescence, there is no corresponding phase constraint. It is the absence of this phase relationship for uorescence that allows the response of relaxed systems to contribute, thereby broadening the spectral signature of focal point uorescence relative to Raman scattering for most m olecules.
From an experimental standpoint, the best way to separate the contributions of Raman and uorescence signals is to time-gate the detection. Raman signals persist only while the exciting light source is present, and uorescence can occur over a much longer time window. Several groups have devised schemes for separating uorescence from Raman signals in systems with a strong uorescence response. [6] [7] [8] [9] The key to success is to integrate the Raman response over as short a time period as possible to minimize contributions from background uorescence. The sensitivity of this approach is thus limited by the time duration of the excitation source, the minimum time window accessible with the detection electronics, th e u orescence life tim e, and the quantum yield of the sample in question. The longer the uorescence lifetime, the better the separation of the Raman and uorescence signals will be. The several papers that cover this matter in detail report that, for equipment that is commercially available, Raman/ uorescence signal enhancements are on the order of 100 or less. To optimize detection of Raman scattering, one should determine the integration time of the detector by T 1 for the Raman signal. As with any spectroscopic experiment, the detection limit is determined by the signal-to-background ratio, and for these experiments, the ratio of the Raman lifetime, T 1 , to the uorescence lifetime, will be limiting. For typical values of T 1 (; 10 ps) and t (; 10 ns), an enhancement ratio of 1000 could be expected, but in practice, the limitation to selective detection is determined by the ability to achieve a suf ciently short detection time window. It is this second factor that makes detection enhancements of 100 or less the norm.
Ultrahigh Sensitivity M easurements. W hile it is a relatively simple matter to perform uorescence m easurem ents with very low detection limits, many m olecules do not uoresce appreciably. For this reason, the ability to perform high-sensitivity absorbance measurements is essential. The limiting factor in making most absorbance measurem ents is uctuations on the light source. A typical sensitivity oor for a commercial absorption spectrometer is ; 10 24 absorbance units. The Harris group has studied thermal lens calorimetry extensively, and their work demonstrates a detection limit of ; 5 3 10 2 6 absorbance units for largevolume samples and a limit of ; 2 3 10 2 6 for small volumes. 10 -13 Essentially eq ual p er form ance can b e achieved with time-resolved m easurem ents. S h ort-pu lse lasers are characterized by a shot-noise-limited noise oor in the m egahertz frequency regime, and this property can be used to advantage in making sensitiv e ab so rb ance m easu re m ents. Wirth and Blanchard reported on the measurement of ground-state depletion of cresyl violet in methanol, and, using a shot-noise-limited detection scheme, they obtained a lower detection limit of 2.4 3 10 2 6 absorban ce un its. 1 4 B ecause of th e sm all overlap volume of the two lasers used in this measurement, the m inim um detection lim it co rresponds to ; 70 000 molecules.
N on linear Sp ectr oscopies. A nother property of short-pulse lasers that has found wide application is their production of high peak powers. Prior to the invention of the laser, the eld of experimental nonlinear optics was virtually nonexistent, but growth in this area of spectroscopy has been dramatic, with a variety of nonlinear optical phenomena nding use daily in the nation's telecommunications network and in research laboratories.
The interaction of an electric eld with a dielectric medium results in a polarization being induced in the medium. The polarization is typically described as a power series expansion of the polarization in terms of the incident electric eld. (1) (2) (3)
The coef cients x (1) , x (2) , and x (3) are the susceptibilities of the m aterial to interaction with various orders of the electric eld. This expansion nds use because the orders of the polarization are a convergent series, i.e., P (1) P (2) P (3) . The nonlinear response of a m aterial is characteristically small relative to the linear response. As is apparent, only when E*E and EE*E are large do the second-and third-order terms become signi cant. The different orders of the induced polarization are characterized by the parametric interactions between different numbers of incident and outgoing electric elds. Second-order or x (2) processes are considered to be ''three-wave m ixing'', and x (3) processes are described in terms of ''four-wave mixing''. Depending on the energies of the incident and induced electric elds, a variety of different spectroscopic processes can be accessed (Fig. 1) .
Comparing the magnitudes of the susceptibilities, x ( i) , is dif cult because of the different units associated with these coef cients and the plethora of different experimental arrangements. For example, for a x (2) process, the conversion ef ciency can range from ; 30% for phasem atched second-harm onic generation with a nanosecond laser pulse to ; 10 2 1 2 % for su rface second -harmonic generation from an interfacial monolayer. 15 The ef ciency of a x (3) process is generally smaller than that of a x (2) process, for systems where both no nlinear resp onses are allowed. For a crystalline polydiacetylene, where a very large nonresonant x (3) ; 10 2 9 esu was reported, 16 the third-harm onic generation efciency was still only ; 10 2 10 %. On resonance, x (3) conversion ef ciencies of ; 10 2 5 % are possible, and are usually limited by the optical damage threshold of the nonlinear m aterial. From a commercial standpoint, x (2) processes can be viable for use as light sources, as seen in optical parametric oscillators and frequency-doubling crystals. Third-order (x (3) ) processes are not used widely in commercial devices because of their relatively low ef ciency. For our purposes, however, it is
FIG. 1. Jablonski diagrams for selected linear and nonlinear optical processes. In each case, the solid arrow(s) indicate the input electric elds, E, and the dashed arrow indicates the induced polarization, P.
not the ef ciency of the nonlinear process so m uch as the chemical and physical information content that we are concerned with.
It is useful to consider x (2) and x (3) processes separately because of their different characteristics. F or both types of phenomena, however, shortpulse lasers nd wide use. Surface second-harm onic generation (SHG) spectroscopy is a second-order nonlinear technique that has found signi cant use in the analytical chemistry community. Its utility derives from the inherent selection rule that, to within the dipole approximation, a system possessing a center of inversion will not produce a x (2) response. Thus, surface second-harmonic generation is one of a very limited number of techniques that are amenable to the examination of buried interfaces, a problem with bro ad techn olo gical sig ni cance. W hile nanosecond pulses are sometimes used for surface SHG measu re m en ts, p icoseco nd pulses are more generally useful for these studies because they provide the required high peak powers with less sample heating.
Surface second-harmonic generation spectroscopy has provided a great deal of insight into the organization of the interfaces between two phases of matter. The Richmond group has studied GaAs and other semiconductor interfaces extensively using surface SHG measurements, and this work has revealed the onset of corrosion processes that had gone largely unresolved to that point. 17 S ur fa ce S H G m easu rem en ts have also been instrumental in elucidating molecular-scale organization at the interface between two immiscible liquids. 18 The question of surface roughness and m olecular orientation at these interfaces is of central im-
Third-order nonlinear spectroscopies en co m pass deg en era te fou rwave mixing, third-harm onic generation, and all of the coherent/stimulated R am an tech niq ues (e.g., CARS, CSRS, SRG, IRS).* Of these techniques, coherent anti-Stokes Ram an spectroscopy has fou nd the most general use. [23] [24] [25] Because of the high peak power requirements of such measurem ents, picosecond lasers have been used widely, and picosecond lasers hold an advantage in terms of linewidth matching and heating. Recent measurements with the use of picosecond CARS spectroscopy have focused on gaining a m echanistic und ers tand ing of the photoinduced dynamics of bacteriorhodopsin, the compound central to vision. The initial step in the dynamical response of this molecule is thought to be isomerization about the C 13 5C 14 double bond, and CARS is ideally suited to m easure the transient vibrational response of this system. 23 In addition to studies on rhodopsin, the isom erization of other molecules is amenable to examination by CARS, even for scattering from excited electronic states. 25 En- 
ergy ow in shocked systems is an area of research that is just now beginning to be understood, and some of the m ost elegant work in this area comes from Dlott's labs. [26] [27] [28] The Dlott group uses picosecond CARS m easurem en ts to ch aracterize the transient compression and relaxation of shocked systems, with emphasis on the dominant pathways for the relaxation of vibrational energy. In this work, the picosecond time scale offers a good compromise between the requisite spectral resolution and the speed of the energy relaxation processes.
Third-order nonlinear spectroscopy has also been used to characterize conjugated polymers. A key issue in the eld of conjugated polymers is the relationship between the structural and optical properties of the material. In many cases the two are closely associated, but the details of the relationship are not always clear. Nonlinear Raman spectroscopy has been used by several groups to understand this relationship, and it is instructive to examine the information available. The nonlinear optical response of a strongly coupled threelevel system can be described in the context of the imaginary part of the third-order nonlinear susceptibility. See Eq. 2 at the bottom where state a is the ground electronic state, state b is the intermediate (excited) electronic state, and c is the ground vibrational state (see inset). The frequencies v and v9 are the pump and probe frequencies, respectively; for a Raman resonance, (v9 2 v) 5 v ac . While it is tempting to consider inverse Raman scattering simply as the complement of stimulated Raman gain, the experimental signals do not correspond directly. The difference arises from the fact that stimulated Raman gain spectroscopy senses the x (3) contribution of the initial state, whereas inverse Raman spectroscopy responds according to the x (3) susceptibility contributions from both the interm ediate an d nal states. Thus inverse Raman scattering offers more chemical and physical information than stimulated Raman gain.
The inverse Raman scattering of polydiacetylenes has been examined in detail because, for this family of conjugated polymers, substantial information is available on structure and intermolecular interactions that is not generally available by other means. Speci cally, the linear optical response of olydiacetylenes is known to depend on the conjugation length of the polymer backbone, but not much other inform ation is available with this m easurement. 29 Inverse Raman scattering can be used to determine the change in the equilibrium internuclear distance along the polymer backbone-a quantity that can be related quantitatively to the effective conjugation length of the system. 30 Inverse Raman scattering measurements are also able to sense the presence of m olecular O 2 adsorbed onto the polydiacetylene polymer backbone, and on the basis of the nature of the interaction and the experimental signal intensities, inverse Raman scattering can be used to determine that the O 2 interacts most strongly with the backbone dou ble b on d and n ot the trip le bond. 31 Such inform ation is not readily accessible from other spectroscopic techniques.
Dynamical M easurements. Dynam ical m easurem ents are w ell matched to the properties of m odelocked picosecond and femtosecond light sources because such m easurements take advantage of their low noise and high time-resolution properties. Measurem ent of system properties such as uorescence lifetime, excitation transport, and molecular reorientation are all accomplished most directly by using m ode-locked laser systems because these processes all operate on the picosecond time scale. This class of measurem ents, discussed below, has found signicant application in the characterization of complex solution-phase and interfacial systems.
In the study of solution-phase intermolecular interactions, there have been a variety of schemes developed to better understand solvent-solute interactio ns. Tech niq ues th at see wide use are detection of transient spectral shifts, m easurement of vibrational population relaxation, and molecular reorientation. We focus on the latter two methods because of their m o re gen era l applicability. † Rotational diffusion m easurements were among the rst type of measurem ent to be made in the solution phase following the development of mode-locked lasers. The idea behind such measurem ents is to use a short pulse of polarized light to photoselect an anisotropic subset of absorbing species in solution. Subsequent to this initial excitation, the anisotropic distribution will re-randomize, and the details of this re-randomization process shed light on the constraints placed on the motion of the pho toselected m olecules by their surrounding m edium. Such m easurements can be perform ed in a variety of w ay s, includ ing pum p -pro be methods where either ground-state (transient absorption depletion) or excited-state (stim ulated em ission) behavior can be m onitored selectively. Another widely used m eans of acq uirin g m o lecular reo rientation data is to use time-correlated single photon counting (TCSPC), where the temporal evolution of spontaneous emission is m onitored. For these measurements, the use of short light This model represents the simplest case for molecular reorientation, and there is no explicit consideration of the intrinsically molecular nature of the solvation process. Despite these limitations, the m odi ed DSE model pro vid es rem arkab ly clo se agreem ent w ith exp erim en tal data for many systems.
FIG. 2. Reorientation data for 1-methylperylene in several series of solvents. (Top pane) Aldehydes (C) and ketones (v). Note the change from single to double exponential decay behavior at C 5 for the aldehydes and C 9 for the ketones. (Center pane) Alcohols methanol through n-decanol. For all alcohols a double exponential decay of R(t) is seen. (Bottom pane) Alkanes
The interpretation of experimental reorientation data is based on the functionality of the induced orientational an iso trop y, R (t), gen erated from the raw experimental data.
\T he functionality of R(t) is typically a single exponential decay, where t O R is taken as the time constant of the decay and R(0) is related to the angle between the excited and m on ito re d tran sition d ipo le m oments. There are, of course, cases where m ore complicated decays of R(t) are observed, and these cases have been treated in a comprehensive manner by Chuang and Eisenthal. 34 For such cases, the time constants of the multiple exponential decays can be related to the Cartesian components of the rotational diffusion constant, D.
We have studied the molecular reorientation behavior of two related probe m olecules, perylene and 1-methylperylene, and these data provide signi cant insight into how solvents organize around these molecules. We have examined the reorientation o f th ese m olecu les in n-alk an es, n-alkan ols, n -alkanals, and ketones. 35 Apart from perylene in alkanes, these probe molecules are characterized by a change in their exp erim en tal R(t) fun ction s from single to double exponential decay functionalities with increasing solvent aliphatic chain length. We show the solvent dependence of these data in Fig. 2 . In these cases, the change from single to double exponential decay functionality in R(t) can be accounted for as follows. The experimental anisotropy function is related to the shape of the volume swept out by the rotating m olecule. 34 We describe this volume in terms of either a prolate ellipsoid, characterized by rotation primarily about its long inplane axis, Oblate:
x Prolate:
z For both perylene and 1-methylperylene in alkanols, alkanals, and ketones, we see a change in R(t), going fro m a sin gle ex po nential decay (prolate rotor) to a double exponential decay (oblate rotor) as the solvent moiety becomes larger. This change in behavior occurs for different solvent lengths, depending on the strength of solvent-solvent intermolecular interactions. These data can be explained in terms of a quasi-lamellar con nement of the chromophore in the solvent environment once th e so lven t becom es large enough to exhibit self-association that competes energetically with probe molecule solvation. For the aldehydes, the solvent chain length for which the change from prolate-tooblate rotor occurs is shorter than for the alkanes and ketones, indicating signi cant solvent self-association. This nding is consistent with the reorientation dynamics of 1-m ethylperylene in the n-alkanols (Fig. 2) . Reorientation m easurem ents are useful but in many cases limited, because the length scale that they sense is limited by the dimensions of the probe m olecule, which are, in many cases, longer than the length scale over which solvent self-association and intermolecular interactions operate. Because of this limitation, it is useful to use a complementary measurem ent technique to establish the nature of the solvent-solute interactions. Vibrational population relaxation is one phenomenon that is readily amenable to measurem ents with short-pulse lasers. The coupling between solute and solvent vibrational resonances can operate over a variety of length scales, depending on the symmetries of the vibrational donor and acceptor m odes, and we can use this variability to advantage.
Until the mid 90s, the m easurement of vibrational population relaxation was considered to be dif cult, particularly in the case where the vibrational donor is nearly degenerate with the acceptor. This limitation was overcome by using stimulated em ission pu m p-p robe m easurements. 36 The interpretation of stimulated emission pump-probe measurem ents is usually done with the tacit assumption that, in the smallsignal limit, the stimulated response is identical to the spontaneous response. This assumption, while suspect on fundamental grounds, made the interpretation of such data somewhat simpler, and, in cases where only semiquantitative interpretation is required, there is little problem. However, closer examination of the time evolution of a stimulated emission signal for a chromophore in solution reveals functionality that cannot be accounted for in the context of this interpretation. Taking the diffe rences betw een stim u lated and spontaneous emission into account provides a m eans to measure the lifetime of both states involved in the stimulated transition (Fig. 3) .
The fundamental difference betw een spo ntan eous em ission and stimulated emission is that spontaneous emission m onitors only the depopulation of the excited state where, for stimulated emission, it is the transient difference in population between the initial and nal states that is sensed. Because of the equivalence of stimulated emission and absorption, both processes occur for a given two-level system, and the time required to achieve a steadystate condition for the two opposing processes (gain and loss) is determined primarily by the state with the shortest lifetime. It is this time-the evolution of a steady-state condition for the state pair-that is related directly to the vibrational population relaxation time of the ground vibra-tional state and that we measure. The length scale over which vibrational energy transfe r proceeds depen ds sensitively on the identity of the donor and acceptor vibrational resonances. For IR-active donor and acceptor vibrational m odes, intermolecular coupling will scale with r 2 6 . For probe molecules with a center of inversion, the lowest order m odulation accessed by the probe vibrational m otion will be the quadrupole moment, and intermolecular coupling will operate over r 2 8 , assuming a dipolar acceptor. We have demonstrated this phenomenon, and the details of its manifestation are presented elsewhere. 35 F lu orescence lifetim e m easurements have found wide use in areas ranging from on-the-y chromatographic detection 39 to fundamental investigations of surface morphology. 38 The uorescence lifetime of a molecule is related to both the intrinsic properties of the chromophore and to its local environment. W hile it is dif cult to model uorescence lifetime as an absolute quantity for complex organic systems, the study of uorescence lifetime as a function of en viron m ental co nditio ns has proven to be of great utility. Excitation transport m easurements, for example, can be very useful in the characterization of complex systems. The most commonly used model for excitation transport was developed by Fö rster. 39 The Fö rster model predicts that the ef ciency of excitation transport from an optical donor to an optical acceptor should proceed with an ef ciency that depends on the distance between the two species and their relative orientation. This model has been used to predict the behavior of m any systems accurately, and in cases where Fö rster behavior is not seen, it is usually taken as a clear indication for a nonstatistical distribution of the donor and acceptor species. Measuring excitation transport processes is accomplished best by using short-pulse lasers, not only because of the characteristic speed of the process, but also because the functionality of the donor lifetime decay provides direct insight into the details of the excitation transfer process. 40 We have used this technique to advantage in exploring the surface morphology of Zr-phosphonate layered assemblies on SiO x substrates. Using a series of layered assemblies containing controlled amounts of optical donor and acceptor chromophores, we were able to elucidate and characterize surface heterogeneity in these systems that is m ediated by the nonuniform distribution of surface silanol groups on the SiO x substrate. Picosecond lifetime results and atomic force m icroscopy data were in essentially exact agreement, demonstrating the utility of time-resolved spectroscopy in the elucidation of surface structure at the monolayer level. 38 A m ong th e m ost fu ndam ental questions in chemistry is understanding the identity of transient species, whether it is a reaction intermediate or a m olecule in the m idst of a structu ra l re arran gem ent. B ecause an y such intermediate involves large amplitude molecular motions, inertial con sid erations becom e im p ortant, and thus the majority of these processes operate on the picosecond time scale. Indeed, the direct examination of reaction intermediates was of suf cient importance to warrant the award of the 1999 Nobel Prize in Chemistry to Professor Ahmed H. Zewail. The study of isomerization is closely related, and there are m any groups who have made important contributions to our understanding of isomerization. [41] [42] [43] [44] In all these cases, fundamental insights into the operation of an isomerization process depend on the triggering of the molecular motion with a short pulse of light. To this point, the details of the isomerization process appear to depend sensitively on the identity of the molecule and its surroundings, but the larger lessons that can be taken from these studies are that (1) inertial processes can play a signi cant role in the early time motion of these systems, and (2) in many cases the motion can be approximated reasonably well as proceeding along a single coordinate.
SUM M ARY
Tim e-an d frequ en cy-do m ain spectroscopies nd use in a wide variety of chemical investigations, and they serve complementary roles. Because of the intrinsic complexity of many systems, the explicit resolution of time-domain inform ation is necessary. Despite the ability of timedomain and short-pulse spectroscopies to access information that is not available by other means, it is unlikely that short-pulse spectroscopies will be as widely accessible as traditio nal ben ch-top m easurem en ts such as UV-visible or FT-IR. This limitation is due to the cost of timeresolved laser spectroscopic equipment and the complexities associated with its operation. Despite these limitations, the technology used in these m easurem ents is b eco m ing m o re readily available. W hile the current direction of the technology is toward fem tosecond pulses, it is important to keep in mind that m any chemical pro cesses are inertially m ediated , and thus the picosecond time scale represents a realistic lower limit for the time scales relevant for many studies. In addition, for spectroscopies that require a good match between the source and the m olecular reson ance (e.g., non lin ear R am an methods), picosecond pulses are often a more useful light source.
The horizons for this area of measurement science are ultimately tied to the ability to characterize fundamental photophysical properties and to the need to control fast kinetic processes. As such, there is ample opportunity and need for short-pulse and time-domain spectroscopies to contribute.
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